The microscopic and macroscopic response of a polymer solution in start-up shear flow was investigated using fluorescence microscopy of single molecules, bulk viscosity measurements, and Brownian dynamics simulations. An overshoot in viscosity was observed upon flow inception and understood via the observed molecular extension and by simulation findings. Increasing the polymer concentration up to six times the overlap concentration (C ‫ء‬ ) has no effect on the character of the dynamics of individual molecules. PACS numbers: 83.10.Nn, 87.14.Gg, One of the most important goals in understanding complex fluids is to link the macroscopic material properties with microscopic changes. For instance, interesting macroscopic responses of these complex fluids containing large molecules such as polymers, colloids, liquid crystals, micelles, and surfactants have been widely reported in the literature [1] [2] [3] [4] [5] [6] [7] . A classic example is the observation that polymeric fluids often display a transient overshoot in viscosity upon the inception of a shearing flow [5] [6] [7] . Various theories and models predict such an overshoot [8-13] but a clear understanding of how this macroscopic behavior is associated with the changes in microscopic state is lacking.
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The microscopic and macroscopic response of a polymer solution in start-up shear flow was investigated using fluorescence microscopy of single molecules, bulk viscosity measurements, and Brownian dynamics simulations. An overshoot in viscosity was observed upon flow inception and understood via the observed molecular extension and by simulation findings. Increasing the polymer concentration up to six times the overlap concentration (C ‫ء‬ ) has no effect on the character of the dynamics of individual molecules.
PACS numbers: 83.10.Nn, 87.14.Gg, 87. 15. -v One of the most important goals in understanding complex fluids is to link the macroscopic material properties with microscopic changes. For instance, interesting macroscopic responses of these complex fluids containing large molecules such as polymers, colloids, liquid crystals, micelles, and surfactants have been widely reported in the literature [1] [2] [3] [4] [5] [6] [7] . A classic example is the observation that polymeric fluids often display a transient overshoot in viscosity upon the inception of a shearing flow [5] [6] [7] . Various theories and models predict such an overshoot [8] [9] [10] [11] [12] [13] but a clear understanding of how this macroscopic behavior is associated with the changes in microscopic state is lacking.
In this work, we made detailed observations of both the molecular dynamics and the macroscopic viscosity of the same polymer solution. The effect of concentration was studied down to nearly infinite dilution in order to distinguish individual chain effects from those due to intermolecular interactions [14] . Finally, the experimental data were compared to the predictions of molecular models specifically based on the known molecular parameters of the polymer used in the experiments. We used DNA solutions as a model system and made side-by-side comparison of the single-molecule observations, viscosity measurements, and Brownian dynamics simulations.
Simple shear flow was created in a ϳ50 mm gap between two parallel glass plates in an apparatus similar to that used previously [15, 16] . We measured the maximum extension of the polymers in the flow direction (direction of plate travel) using video fluorescence microscopy. The technique has been improved such that the transient molecular extension could be observed in the center-ofmass frame of a single molecule during the start-up of shear flow. In order to visualize single molecule dynamics at higher polymer concentrations, small fractions of fluorescently labeled "probe" molecules were added to solutions of unlabeled molecules [17] [18] [19] [20] . To determine the statistical properties of the molecular dynamics, these measurements were repeated on an "ensemble" of 60 to 130 identical molecules for each different shear rate and sample concentration. The time-dependent shear viscosity of the same DNA solutions was measured using a rheometer (RDA II, RSI Scientific, Piscataway, NJ).
By observing the recoil of isolated, stretched molecules after the flow is turned off we measure the longest relaxation time, t, of our polymer [21] . The dimensionless parameter called the "Weissenberg Number" Wi is used to characterize the effective strength of the shear flow. It is the product ᠨ gt where ᠨ g, the shear rate, is the plate velocity divided by the gap width. In the simplest case of an isolated chain, one generally expects the statistical properties of two data sets, even if they are taken at different solvent viscosities, to match as long as Wi is the same for both [15, 22] . At higher concentrations one eventually expects to see deviations due to strong intermolecular interactions (in particular, entanglements) which should change the character of the dynamics. First, we considered the limit of infinite dilution in order to examine the polymer response in the absence of any possible interactions between polymer molecules. We used a concentration of 10 25 C ‫ء‬ [23] . At this concentration the average distance between molecules is much larger than the contour length of a molecule and we expect interactions to be negligible. When there is no applied flow, flexible polymers adopt a random coil state. If a shear flow is suddenly applied the polymers begin to stretch. While the individual polymers display widely different dynamics upon flow inception, the average extension rises smoothly to a constant steady state value [ Fig. (1) ]. For Wi . 19, we observed a small overshoot in extension. In order to test whether the overshoot in extension was due to an initial time synchronization of coiled molecules, we compared the dynamics of coiled molecules stretching at the inception of flow to the dynamics of transiently coiled chains after steady-state conditions had been reached. We set the new time 0 point to be the first point in the time trace after 50 strain units where the polymer extension was less than one standard deviation from the average extension at Wi 0. When these traces were averaged together, there was no evidence of an overshoot. This finding strongly suggests that the overshoot arises from the initial alignment of the coiled conformation with the flow and not just an initial temporal synchronization of stretching chains.
To test the effect of intermolecular interactions, measurements were done at concentrations of 0.5C ‫ء‬ , 1.0C ‫ء‬ , and 6.0C ‫ء‬ [ Fig. (2) ]. These concentrations lie in or near the so-called "semidilute" regime. The highest concentration examined in this study, 6.0C
‫ء‬ , is a factor of ϳ2 smaller than the concentration at which full reptation is observed [24, 25] . At a concentration of 6.0C
‫ء‬ polymer-polymer interactions increased the measured relaxation time of a single polymer to 2.5 times that of an isolated polymer at a concentration of 10 25 C ‫ء‬ . Surprisingly, the time at which the overshoot in extension occurs and its magnitude are the same as that for a dilute solution of the same Wi. The fact that the average extensions at different concentrations are similar in character when compared at the same Wi suggests that the effect of these semidilute interactions may be modeled (in a mean field sense) as an effective viscous medium.
The macroscopic shear viscosity of the same solutions used for the single-molecule measurements was measured with a shear viscometer. Figure (2) B, shows the shear viscosity as a function of strain for 4 different polymer concentrations. As the polymer concentration is increased, the size of the overshoot in total shear viscosity increases, going from 1 for pure solvent to 43 the solvent viscosity at 6.0C
‫ء‬ . We find that the overshoot in shear viscosity precedes the overshoot in polymer extension at all shear rates and concentrations. Our single molecule data [ Fig. (2) ] suggest that the viscosity overshoot is not due to polymer-polymer interactions. The marked increase in the size of the overshoot in shear viscosity with polymer concentration is consistent with polymer-solvent interactions being dominant, since the amplitude of the viscosity overshoot relative to the solvent viscosity increases linearly with polymer concentration [Fig. (3) ].
To better understand the relationship between the overshoot in viscosity and extension, we used Brownian dynamics simulations of Kramers' bead-rod chains [ Fig. (4) ] [26] [27] [28] [29] . From the calculated chain configurations in the model, one can calculate the resulting polymer shear viscosity using the standard Kramers stress formula [30] .
Polymer Concentration(C*) For example, in shear flow chainlike molecules aligned perpendicular to the flow direction (that is, the "gradient" direction) contribute greater hydrodynamic friction than chains aligned parallel to the flow direction. The steadystate shear viscosity is thus directly related to the average chain thickness in the gradient direction.
It is found that the overshoot in both molecular extension and shear viscosity is due to nonaffine deformation at Wi . 20 [31] . In the simulation, we observe that the chain is initially stretched along the principal axis (45 ± relative to the flow direction) of stretching before it starts to align with the flow. The chain starts to unravel in the flow direction and initially the chain thickness in the gradient direction remains the same. As the chain gets more highly extended it starts to rotate to the stagnation line (parallel to the motion of the plates) at high flow strength (Wi . 20). This leads to a reduction in the chain thickness in the gradient direction and thus less resistance is felt by the nearby solvent molecules. During this transition time, the shear viscosity initially grows due to chain expansion (from a coiled to an extended state) and starts to decrease as the chain starts to rotate and align with the flow. As the chain becomes aligned, there is no relative velocity between the chain segments, and the chain retracts. The maximum overshoot in shear viscosity occurs at the point where the chain begins to rotate to the stagnation line (when the chain extends over the largest velocity gradient). The peak overshoot in molecular extension occurs when the chain has come down to near the stagnation line. We note that the chain thickness in the gradient direction does not decrease for Wi , 10, thus no overshoot in both shear viscosity or extension is observed.
The dependence of the steady-state properties on concentration was also investigated. We found that at DNA concentrations of 6.0C
‫ء‬ and smaller there is no measurable difference between the mean extension at 10 25 C ‫ء‬ and those at higher polymer concentrations. Histograms of the fractional extension showed little change as a function of concentration at the same Wi number. In contrast, light scattering measurements on polystyrene solutions (at Wi , 2.5), showed an approximately 40% increase in radius of gyration as the concentration was increased from 0.05C ‫ء‬ to 0.75C ‫ء‬ [32, 33] . We also calculated the power spectra characterizing the extensional fluctuations in steady shear flow [15, 34] . One eventually expects the power spectra to change as the concentration increases because of the effect of the intermolecular entanglements [35] .
The power spectral density (PSD) calculated for 10 Fig. (5) ]. The experimental PSD also agree with those calculated from a 150 bead Kramers' chain in our Brownian dynamics simulations where the number of Kuhn steps matched that of the l-DNA molecules [29] . All the data show a plateau at the lowest frequencies followed by a sharp decay at intermediate frequencies, and finally a less pronounced decay at higher frequencies. The power spectra for 6.0C
‫ء‬ solutions do not overlap with those taken at lower concentrations and at the same shear rate. However the 6.0C
‫ء‬ power spectrum does overlap with the PSD characterizing the dynamics in dilute solution at the same value of Wi (data not shown).
We have demonstrated how one can establish a direct connection between macroscopic properties and measured microscopic behavior by studying the dynamics of polymers in start-up and steady shear flow. In future work it is expected that multichain dynamic simulations may be used to investigate the origins of the weak concentration dependence on single chain behavior. It is also of great interest to investigate single molecule dynamics in solution at much greater concentrations to examine the crossover to reptative behavior (.10C ‫ء‬ ). A study of the concentration effects on the dynamics in other types of flow may also provide insight into the effects of polymer-polymer interactions.
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